ABSTRACT
INTRODUCTION
Mammalian spermatogenesis occurs in seminiferous tubules and is an elaborate process involving interactions between supporting somatic cells (Sertoli cells) and germ cells. Sertoli and all germ cells share an intimate, adhesive contact that contributes to germ cell maturation [1, 2] . As germ cells differentiate, Sertoli-germ cell junctions undergo transformations in morphology and abundance. By electron microscopy, intermediate filament-based desmosome-like junctions are observed between Sertoli cells and all nonelongate spermatid germ cells [1] . As germ cells mature, changes in Sertoli-germ cell desmosome-like junctions in 1 Supported by a grant from the Rhode Island Foundation to K.J.J., and by PHS NIEHS grant R01 ES08956 to K.B. both number and form suggest that desmosome-like junctions associated with each germ cell type are molecularly unique. When round spermatids begin to elongate, junctions termed ectoplasmic specializations replace the adhesive function of desmosome-like junctions [3, 4] . Contrary to desmosome-like junctions, ectoplasmic specializations are actin-based junctions. Sertoli-elongate spermatid ectoplasmic specializations persist until just before elongate spermatid release; at this point, a final Sertoli-germ cell junction (the tubulobulbar complex) forms [2] . In addition to Sertoli-germ cell junctions, desmosome-like and ectoplasmic specialization junctions are observed in the basal cytoplasm of neighboring Sertoli cells [2] . The morphological changes in Sertoli-germ cell junctions suggest that germ cell differentiation is accompanied by expression of unique cell-cell adhesion proteins at Sertoli-germ cell junctions.
Cadherins are a superfamily of transmembrane cell-cell adhesion proteins that interact via their extracellular domains with cadherins expressed on apposing cells [5] . The most studied cadherin subfamily is the classic cadherins that include E-cadherin and N-cadherin subtypes. In the developing embryo, different cell types express a unique cadherin mosaic, and this mosaic expression pattern contributes to tissue formation by mediating the segregation of cell types into functional units [6] . In addition to an adhesive function, classic cadherins convey information to the cell interior. The intracellular signals generated regulate cellular differentiation, growth, and survival [6] ; however, the molecular nature of such signals is poorly understood.
The large number and diversity of cadherin superfamily members expressed in testis underscores their importance in testicular function. At the mRNA level, at least 24 cadherins (including 7 classic cadherins) are produced in rat testis, and different cadherins exhibit unique expression profiles during testicular development, suggesting cell typespecific cadherin expression in testis [7, 8] . Although testis expresses a number of cadherins, few studies have localized specific cadherins in the postnatal testis. N-cadherin appears to be associated with the heads of elongate spermatids [9] and one or more unidentified classic cadherins are associated with basal inter-Sertoli and Sertoli-germ cell junctions [10, 11] . P-cadherin specifically localizes to peritubular cell junctions [12] . Although no functional experiments have been performed in vivo, antibodies to N-cadherin partially inhibit Sertoli-germ cell adhesion in vitro [13] . These data suggest that cadherins perform essential functions in all testicular cells and, like other tissues, testicular cell types each express a unique cadherin mosaic.
Despite the known expression of many cadherin superfamily members at the mRNA level in testis [7, 8] , important unanswered questions remain regarding cadherin protein expression and localization to specific cell-cell junctions in testis. Here, we test the hypothesis that morphologically different testicular junctions express unique cadherin mosaics by localizing four classic cadherin pro- In A through D, the numbers above each lane corresponds to the postnatal day at which the sample was obtained, as well as adult testis (Ad). In E, a single electrophoretic well from an adult testis homogenate was cut, immunoblotted separately with L4ϩcadherin, cadherin-6, and Ncadherin antibodies, and reassembled to show that the proteins detected by each antibody have different molecular weights.
teins (cadherin-6, cadherin-11, N-cadherin, and a classic cadherin defined by an antipeptide antiserum [L4 antiserum]) in the developing and adult rat testis. Our results indicate that 1) cadherins are components of junctions between most, if not all, cell types in the seminiferous epithelium; 2) each junction expresses a unique cadherin mosaic; and 3) cadherin expression reveals that Sertoli-germ cell junctions are dynamic structures.
MATERIALS AND METHODS

General
Biological material was obtained from Fisher 344 rats (Charles River Laboratories, Inc., Wilmington, MA). Rats were given water and chow (Pro-Lab Rat, Mouse, and Hamster chow 3000) ad libitum until they were killed via carbon dioxide asphyxiation. All animals were treated according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Unless otherwise indicated, reagents were obtained from Sigma Chemical Company (St. Louis, MO).
Western Blotting
Western blotting was performed as described in the companion paper [14] . Western blots were performed at least two times with similar results between experiments. The numbers of animals used at each time point (Day 7 through adult) were 7, 4, 3, 2, and 2, respectively. The amount of protein loaded per lane was similar on the basis of Coomassie blue staining (data not shown). To minimize proteolysis, tissue extraction was performed on ice and a protease inhibitor cocktail (cat. no. P2714; Sigma) was included in the extraction buffer.
Rabbit anti-cadherin-11 (Zymed Laboratories, Inc., South San Francisco, CA) was used at 3 g/ml [15] , rabbit anti-cadherin-6 was diluted 1: 100 [16] , rabbit anti-pan-cadherin was diluted 1:100 (L4 antiserum) [17] , and mouse anti-N-cadherin (clone 32, BD Transduction Laboratories, San Diego, CA) was used at 1 g/ml. Secondary antibodies included horseradish peroxidase-labeled goat anti-rabbit immunoglobulin G (IgG) and goat anti-mouse IgG (Life Technologies, Rockville, MD) both diluted 1: 2500.
Immunostaining
Immunostaining was performed as described in the companion paper [14] . Immunostaining specificity was determined by omitting the primary antibody and Western blotting of testis. In addition, colocalization of cadherin immunostaining with known binding proteins (catenins) and correlation of the immunostaining patterns to cadherin mRNA expression [8] further underscored specificity.
Primary antibodies and working dilutions were the same as those used for Western blotting. In addition, mouse monoclonal antibodies 8D11 and 15D2 against p120 catenin (p120) [18] were used at a concentration of 1 g/ml. In adult testis, the 8D11 antibody is a marker for inter-Sertoli and Sertoli-spermatocyte junctions, whereas 15D2 is a marker for Sertoliround spermatid junctions [14] . Secondary antibodies included goat antimouse IgG-fluorescein isothiocyanate (FITC) (F526s; Sigma) diluted 1: 200, goat anti-rabbit IgG-FITC (F9887; Sigma) diluted 1:200, goat antirabbit IgG-TRITC (T6778; Sigma) diluted 1:400, rabbit anti-mouse IgG 1 -FITC (Rockland, Gilbertsville, PA) diluted 1:500, and rabbit anti-mouse IgG 2a -RITC (Rockland) diluted 1:700. Rabbit secondary antibodies were used to colocalize N-cadherin and p120.
RESULTS
Cadherin Protein Expression
To determine whether and when the four classic cadherins examined in this study were expressed during testis development, detunicated testes from Postnatal Days 7, 21, 31, 43 and adult rats were homogenized and the homogenates were immunoblotted. The postnatal time points chosen correspond to the presence of spermatogonia (Postnatal Day 7), spermatocytes (Postnatal Day 21), round spermatids (Postnatal Day 31), and elongate spermatids (Postnatal Day 43). Cadherin-11, N-cadherin, and the cadherin defined by the L4 antiserum were expressed at all time points examined from Day 7 through adult with apparent molecular weights of 130 kDa, 135 kDa, and 120 kDa, respectively ( Fig. 1 , A-C). Unlike these three cadherins, cadherin-6 protein was not detected at Day 7 but became apparent at Day 21 and was expressed through adulthood (Fig. 1D) ; its apparent molecular weight is 105 kDa. Smaller molecular weight immunoreactive fragments were observed at all time points with the cadherin-11 antibody (115 and 100 kDa), and at Day 7 with the N-cadherin antibody (fragments of 100 and 90 kDa). These may represent proteolytic degradation.
Because the L4 antiserum was generated against a conserved peptide sequence found in classic cadherins, it potentially reacts with all classic cadherins. To determine whether the cadherin detected with the L4 antiserum was a different molecular weight from cadherin-6 or N-cadherin, a single electrophoretic lane from an adult detunicated testis homogenate was cut into three pieces and immunoblotted separately with cadherin-6, N-cadherin, and L4 antibodies. After reassembling the membrane, it was clear that the pro- tein detected by the L4 antiserum was of a different molecular weight than either cadherin-6 or N-cadherin (Fig.  1E ). We concluded that the cadherin defined by the L4 antiserum was not cadherin-6 or N-cadherin. At this time, the nature of the cadherin defined by the L4 antiserum is unknown; henceforth, this cadherin will be termed L4ϩcadherin.
Cadherin-11 Immunolocalization
Using a rabbit polyclonal antibody against its cytoplasmic domain, cadherin-11 was immunolocalized in testis cryosections fixed with methanol. At Day 7, prominent cadherin-11 immunostaining was observed at the periphery of all seminiferous tubules in a punctate pattern ( Fig. 2A) . At all subsequent time points analyzed (Day 21, Day 31, Day 43, and adult testes), cadherin-11 immunostaining remained at the periphery of seminiferous tubules but became progressively more linear (data not shown). Cadherin-11 immunostaining colocalized with immunostaining for p120 (using the 8D11 monoclonal antibody) at all time points (Fig. 2AЈ ) and was attributed to peritubular cell junctions for the following reasons: 1) the linear cadherin-11 immunostaining was similar in morphology to that of P-cadherin, a cadherin previously localized to peritubular cells [12] ; and 2) cadherin-11 immunostaining was basal to that of inter-Sertoli cell junctions at all time points (data not shown).
N-Cadherin Immunolocalization
Using a monoclonal antibody against a nonconserved peptide in the cytoplasmic domain of N-cadherin, N-cadherin was immunolocalized in the developing and adult rat testis. In the developing testis, N-cadherin colocalized with p120 (detected using the 8D11 monoclonal antibody) at all time points and locations (Fig. 3) . At Day 7, N-cadherin appeared to outline both Sertoli cells and gonocytes and was occasionally punctate (Fig. 3A) . After inter-Sertoli junctions had formed at Day 21, N-cadherin was prominent at these junctions and formed punctate elements that were associated with spermatocytes (Fig. 3B) . In addition, a cytoplasmic signal was observed at Day 21 in seminiferous epithelial cells. As testis development proceeded, this cytoplasmic signal receded, but the inter-Sertoli cell junction and spermatocyte-associated punctate staining remained (Fig. 3, C and D) .
In the adult testis, N-cadherin showed a stage-specific immunostaining pattern. At all stages, N-cadherin immunolocalized to basal inter-Sertoli cell junctions and punctate spermatocyte-associated junctions (Fig. 4) . Similar to the developing testis, this N-cadherin immunostaining colocalized with p120 (detected using the 8D11 monoclonal antibody) (data not shown). In both the developing and adult testis, N-cadherin was juxtaposed to but did not colocalize with basal ectoplasmic specializations (detected with fluorescent phalloidin; data not shown). Finally, N-cadherin immunolocalized to the heads of elongate spermatids in a stage-specific manner. Beginning at approximately stage I, light N-cadherin immunostaining was observed in areas occupied by elongate spermatid heads (Fig. 4A ). This pattern grew more intense through stages IV-VI (Fig. 4B ) and became quite faint during stage VII (Fig. 4C) . By stage VIII, no N-cadherin immunoreactivity was associated with the heads of elongate spermatids (Fig. 4D ).
L4ϩCadherin Immunolocalization
L4ϩcadherin was localized to postnatal and adult testis cryosections fixed with methanol. At Days 7 and 21, no specific immunostaining was observed (data not shown). At Day 31, however, large, punctate areas of round spermatidassociated immunostaining were present in most tubules (Fig. 5A) ; such areas were also positive for p120 (visualized using the 15D2 monoclonal; Fig. 5AЈ ), indicating that they represent Sertoli-round spermatid desmosome-like junctions [14] . At Day 43, anastomosing networks of punctilinear L4ϩcadherin immunostaining were observed in some tubules, which appeared to emanate from the round spermatid-associated desmosome-like junctions (Fig. 5B) . Although the desmosome-like junction-associated areas of L4ϩcadherin immunostaining were positive for p120, the punctilinear networks of immunostaining were negative. In addition, elongate spermatid heads at approximately steps 12-15 were L4ϩcadherin-positive at Day 43 (data not shown). Elongate spermatid head-associated L4ϩcadherin immunostaining was confirmed by immunostaining testis touch preparations from adult testis (Fig. 6 ). In these preparations, L4ϩcadherin immunostaining encompassed the entire head of step 12-15 elongate spermatids.
In the adult testis, L4ϩcadherin immunostaining was stage-specific and recapitulated the immunostaining observed in the developing testis. L4ϩcadherin immunostain- ing of Sertoli-round spermatid desmosome-like junctions (arrows in Fig. 5 ) was seen in approximately stages I-IX and colocalized invariably with p120 (observed with the 15D2 monoclonal; data not shown). During about stages II-IV, punctilinear networks of L4ϩcadherin immunostaining were connected to the Sertoli-round spermatid desmosome-like junctions (arrowhead in Fig. 5D ). As in the developing testis, the punctilinear networks were negative for p120 (data not shown). Such networks were still present in stage VII tubules (generally detected in the mid to basal epithelium) but were not observed in stage VIII tubules (Fig. 5, E and F) . Finally, L4ϩcadherin immunostaining was observed juxtaposed to the heads of elongate spermatids in approximately stages XII-I (Fig. 5C ).
Cadherin-6 Immunolocalization
A polyclonal antibody generated against the extracellular domain of cadherin-6 was used to immunolocalize this classic cadherin in methanol-fixed testes. In the developing testis, cadherin-6 immunostaining was observed first at Day 31, when it colocalized with p120-positive Sertoli-round spermatid desmosome-like junctions (Fig. 7, A and AЈ) . In addition to the round spermatid-associated immunostaining, cadherin-6 faintly immunolocalized to the heads of approximately step 12-15 elongate spermatids at Day 43 (data not shown). In the adult testis, cadherin-6 immunostaining invariably colocalized with p120 at Sertoli-round spermatid desmosome-like junctions (Fig. 7, B-D) . When Sertoliround spermatid desmosome-like junctions were dissolving at approximately stage X, cadherin-6 immunostaining no longer was observed at these junctions, although p120-positive punctate dots could still be seen (data not shown). In addition, cadherin-6 immunostaining was juxtaposed to the heads of elongate spermatids in adult testis at approximately steps 12-15 (Fig. 7B) ; cadherin-6 appeared to surround the entire head of such spermatids. Beginning at approxi- mately stage II, cadherin-6 was no longer associated with the heads of elongate spermatids. Instead, cadherin-6 immunostaining was seen in adluminal punctate structures that may be located in elongate spermatid residual cytoplasm; such cadherin-6-positive structures were present through stages IV-VI (Fig. 7C ) but were absent in stage VII tubules (data not shown).
DISCUSSION
The morphological diversity of testis cell-cell junctions (desmosome-like, ectoplasmic specialization, and tubulobulbar complex) suggests that a variety of adhesion proteins are expressed in the seminiferous epithelium. Here, we show that four different classic cadherins present unique temporal and spatial localization patterns in testis. Because of the differential immunolocalization of classic cadherins and associated catenins [14] , junctions between various testicular cell types each have a distinct molecular composition. In the following paragraphs, each testicular junction schematically shown in Figure 8 will be discussed regarding cadherin/catenin protein composition and dynamics.
Junction 1: Peritubular Cell Junctions
In the mouse, peritubular cell junctions express P-cadherin, as well as ␣-and ␤-catenin, from approximately Postnatal Day 8 through adulthood [10, 12] . The rat data presented here and in the companion paper show that peritubular cell junctions contain cadherin-11 and p120 at similar postnatal time points [14] . It is interesting that a novel ␣-catenin isoform (␣T-catenin) is present at human peritubular cell junctions but not at junctions within the seminiferous epithelium [19] . Thus, peritubular cell junctions contain a unique cadherin/catenin complement, suggesting a functional difference between these junctions and those within the seminiferous epithelium.
Junction 2: Inter-Sertoli Junctions
Inter-Sertoli cell junctions are morphologically complex structures located near the base of the seminiferous epithelium and consist of closely apposed tight junctions, ectoplasmic specializations, and desmosome-like junctions [20] . To date, N-cadherin is the only classic cadherin localized to inter-Sertoli junctions, and it is associated with Sertoli cells throughout postnatal development and adulthood. Using a pan-cadherin antibody, Mullholland et al. [11] detected a classic cadherin associated with the desmosomelike component of inter-Sertoli junctions. The data presented here and in the companion paper also show that Ncadherin is a component of inter-Sertoli desmosome-like junctions and not ectoplasmic specializations [14] . Because the molecular weight of the protein detected by both the N-cadherin antibody used here and the pan-cadherin antibody used by Mulholland, et al. [11] are the same (135 kDa), the pan-cadherin antibody is likely detecting N-cadherin.
Catenins localized to inter-Sertoli junctions include ␣-catenin, ␤-catenin, plakoglobin, and p120 [10, 14] . Like Ncadherin, ␤-catenin and p120 (and likely ␣-catenin and plakoglobin) are components of the inter-Sertoli desmosome-like junction. However, the immunostaining changes for both ␤-catenin and p120 during the postnatal maturation process of inter-Sertoli junctions [10, 14] . Byers et al. [10] suggested that ␤-catenin localization to the inter-Sertoli junction was relatively weak at Postnatal Day 23 but intense at Postnatal Day 37 and in the adult. Our data do not rule out this possibility and also show that ␤-catenin maintains a diffuse pattern throughout the epithelium from Day 7 through at least Day 21 [14] . By postnatal Day 43, ␤-catenin is largely confined to cell-cell junctions [14] . Analogous to ␤-catenin immunostaining, Postnatal p120 immunostaining of the inter-Sertoli junction using the 15D2 monoclonal antibody changed over time. With this antibody, p120 immunostaining peaked at Postnatal Days 21 and 31, was absent in most tubules at Day 43, and was not detected in the adult rat [14] . These data indicate that an inter-Sertoli junctional maturation process, reflected by catenin immunostaining, occurs up to approximately Postna -FIG. 7 . Day 31 and adult testis cryosections were immunostained with a polyclonal antibody against cadherin-6 (A-D) and p120 (using the 15D2 monoclonal, A-D). Elongate spermatid heads at approximately steps 12-15 were intensely positive for cadherin-6 (arrowhead in B and B). During approximately stages II-VI, elongate spermatid heads no longer reacted with the cadherin-6 antibody; instead, masses of cadherin-6 immunostaining were observed in the apical cytoplasm in areas containing elongate spermatid residual cytoplasm (arrowhead in C). Finally, p120-positive round spermatid-associated junctions were immunostained by the cadherin-6 antibody at Day 31 (arrows in A and A) and during approximately stages I-VIII (arrows in B, B, C, C, D, and D) . No primary antibody negative controls are shown in E and E; the basal and nuclear fluorescence in the p120 images were nonspecific. Although cadherin-6 antibodies exhibited a nuclear fluorescence in many tubules, the specificity of this reaction is uncertain. Corresponding DIC images are shown in A-E. In each image, the entire seminiferous epithelium is shown with the basement membrane at the bottom. Bar in A ϭ 20 m; all other images are at the same magnification with the bar in E ϭ 20 m.
tal Day 40. By electron microscopic analysis, morphological assembly of the basal inter-Sertoli junction, which is responsible for generating the ''blood-testis barrier,'' occurs between Postnatal Days 10 and 21 [20, 21] . However, evidence indicates that the permeability function of inter-Sertoli junctions is not mature until approximately Postnatal Day 40 [22] . Thus, mature junctional permeability and the adult-type catenin immunostaining pattern are attained with similar kinetics, suggesting the two events are related.
Junction 3: Sertoli-Spermatogonial Junctions
During embryogenesis, primordial germ cells express several classic cadherins, including E-cadherin, P-cadherin, and N-cadherin [23] . E-cadherin may mediate germ cellgerm cell interactions, whereas N-cadherin may be involved in germ cell-Sertoli cell adhesion [23] . In late postnatal and adult testes, Sertoli-spermatogonial junctions are difficult to identify unequivocally at the light microscopic level, making assignment of cadherin/catenin expression to these junctions difficult. At Postnatal Day 7 in the rat, however, N-cadherin protein appears to surround all cells within the developing epithelium, and focal N-cadherin-positive areas are observed at the very base of the epithelium during subsequent postnatal development. Together, these data suggest that N-cadherin is present at Sertoli-spermatogonial junctions. Because ␤-catenin and a large p120 isoform invariably colocalize with N-cadherin [14] , these catenins likely are additional components of Sertoli-spermatogonial junctions.
Junction 4: Sertoli-Spermatocyte Junctions
As spermatogonia mature into spermatocytes, the cadherin/catenin complement of their associated junctions remains the same; our data and that of others shows that Ncadherin, ␣-catenin, ␤-catenin, and a large p120 isoform characterize Sertoli-spermatocyte junctions [10, 14] . Although we did not observe L4ϩcadherin immunostaining at Sertoli-spermatocyte junctions, Byers et al. [10] did observe this cadherin at putative Sertoli-spermatocyte junctions. Because a similar immunostaining technique was used in both instances, the reason for this discrepancy is unknown. Based upon the constant morphology of cadherin/catenin immunostaining, Sertoli-spermatocyte junctions are static structures, unlike junctions which are associated with more mature germ cells.
Junction 5: Sertoli-Round Spermatid Junctions
As germ cells mature into round spermatids, the molecular composition and dynamics of the Sertoli-germ cell junction change radically. Prominent features of the Sertoliround spermatid junction are its reactivity against the 15D2 p120 monoclonal antibody, and its lack of plectin or ␤-catenin immunoreactivity [14, 24] . In addition, Sertoliround spermatid junctions are positive for cadherin-6 and strongly positive for L4ϩcadherin, whereas N-cadherin is no longer present. Because different classic cadherins relay distinct signals that control cell behavior [6] , we hypothesize that Sertoli-spermatocyte and Sertoli-round spermatid junctions transduce unique and essential signals that control germ cell maturation.
Compared with the Sertoli-spermatocyte junction, another unique attribute of the Sertoli-round spermatid junction is its dynamic nature. When round spermatids are produced at stage I, the junction is a relatively diffuse structure that becomes very compact in subsequent stages [14] . In addition, differences in the abundance of submembranous densities and intermediate filaments between Sertoli-round spermatid and Sertoli-spermatocyte junctions have been observed [1] . These morphological changes are accompanied by alterations in the cadherin/catenin composition as noted above. Together, these data suggest that the Sertoli-germ cell junction is dismantled and reformed as spermatocytes transition to round spermatids, which is analogous to the dismantling of the Sertoli-germ cell junction as spermatids enter spermiogenesis [3] .
The dynamic nature of the Sertoli-round spermatid junction is illustrated further by the L4ϩcadherin immunostaining. In testes at Postnatal Day 43 and at certain stages of adulthood, this cadherin assumed an extensive punctilinear pattern that emanated from the Sertoli-germ cell junction, suggesting that it was localized to a large area of Sertoli cell plasma membrane. In cultured cells, formation of Ecadherin junctions is accompanied by similar patterns of immunostaining [25] , suggesting that the punctilinear L4ϩcadherin pattern in testis depicts a reorganization of the Sertoli-round spermatid junction. However, Sertoliround spermatid junctions (identified by p120 immunostaining) are present before and after the punctilinear L4ϩcadherin immunostaining is seen. These data indicate that the punctilinear L4ϩcadherin pattern does not represent an initial formation or the final dissolution of Sertoliround spermatid junctions; further research is required to explain the significance of this dynamic L4ϩcadherin pattern.
Junction 6: Sertoli-Elongate Spermatid Junctions
Cadherin/catenin immunostaining associated with the heads of elongate spermatids also was dynamic. Antibodies against three cadherins (N-cadherin, cadherin-6, and L4ϩcadherin) and p120 immunostained the heads of elongate spermatids at different steps of spermiogenesis as follows (all spermiogenic steps are approximate): 1) step 12 spermatids became positive for cadherin-6, L4ϩcadherin, and p120; 2) p120 immunostaining was a transient event because it was no longer observed at step 14; 3) at step 15 the cadherin composition transitioned from cadherin-6 and L4ϩcadherin to N-cadherin; 4) the disappearance of spermatid head-associated cadherin-6 immunostaining coincided with the appearance of cadherin-6 punctate structures in the apical epithelium, which persisted until step 18; and 5) N-cadherin remained associated with heads until step 19. With the exception of p120, catenins examined to date are not components of elongate spermatid-associated junctions [10, 11, 14] . Because ectoplasmic specializations associate with the heads of elongate spermatids from step 9 through early step 19 [3] , cadherins may not be components of elongate spermatid ectoplasmic specializations. The lack of cadherin immunostaining at inter-Sertoli cell ectoplasmic specializations further supports the conclusion that elongate spermatid-associated ectoplasmic specializations do not contain cadherins. By immunofluorescence, vimentin intermediate filaments are associated with the heads of elongate spermatids at stages similar to those in which classic cadherin immunostaining is observed [26] . Therefore, cadherins and p120 may be part of an intermediate filament-based junction between elongate spermatids and Sertoli cells. Because the pattern of cadherin/catenin immunostaining at these putative intermediate filament-based junctions changed over time, formation and maintenance of such junctions may involve different proteins, with cadherin-6, L4ϩcadherin, and p120 being present during formation and N-cadherin present during maintenance. The disappearance of cadherin-6 immunostaining surrounding elongate spermatid heads (at approximately step 16) coincided with the appearance of cadherin-6 punctate structures in the apical epithelium, suggesting that these apical structures represent a remodeling process of the Sertoli-elongate spermatid junction.
The ultrastructure of testicular desmosome-like junctions is unique and exhibits characteristics of both typical actinbased adherens junctions and intermediate filament-based desmosomes found in most epithelia. Features of typical adherens junctions include the presence of classic cadherins, such as E-cadherin or N-cadherin, and catenins (␤-catenin, p120, and plakoglobin), whereas typical desmosomes contain desmosomal cadherins (desmogleins and desmocollins) and are linked to the intermediate filament cytoskeleton (generally cytokeratin) via plakoglobin and desmoplakin [27, 28] . As described in this and the companion paper [14] , testicular desmosome-like junctions are classic cadherin-based junctions that possess catenin proteins but are linked to a vimentin intermediate filament system. Thus, desmosome-like junctions are hybrid junctions showing characteristics of both adherens junctions and desmosomes. The most closely related junction found in other tissues is a type found between lymphatic endothelial cells (complexus adhaerentes) and some cultured endothelial cells. These junctions contain ␤-catenin and p120 as well as the classic cadherin VE-cadherin linked to vimentin intermediate filaments via plakoglobin and desmoplakin [29, 30] . Therefore, complexus adhaerentes and desmosome-like junctions are both vimentin intermediate filament-based junctions that contain classic cadherins and catenins. It remains to be determined whether these two junctions share other protein components or exhibit similar functions.
In conclusion, cadherins and associated catenins are components of intermediate filament-based junctions between all cells of the seminiferous epithelium. As germ cells mature, cadherin-based Sertoli-germ cell junctions exhibit a dynamic nature in both morphology and cadherin composition. Because cadherin-based junctions are signaling centers and different cadherins generate unique signals [6, 31] , our data showing differential localization of cadherins suggest that each testicular junction generates unique signals. Such a conclusion has important ramifications for germ cell maturation and is an important hypothesis for future experiments.
